Abstract: Human beings always suffer from serious risk of exposure to ultraviolet (UV) rays in general as well as in work environments but the health effects of UV are not yet fully understood. To enable fine analysis of the biological effects of UV at any given wavelength, we developed an apparatus that can experimentally irradiate cultured mammalian cells with monochromatic UV rays at any given wavelength. With this device, the effects of UV at 260, 280, 300 and 320 nm on the total protein synthesis of human skin-derived NB1RGB cells were examined. An inhibitory effect of UV at 260 and 280 nm was evident, whereas UV at 300 and 320 nm had only a marginal effect. UV at 280 nm also decreased amino acid uptake, which appears, at least partly, to be responsible for reduced protein synthesis. Metallothioneins (MTs), known as proteins defending against heavy metal toxicity, have been reported to be induced after UV irradiation, but UV at 280 nm did not induce MTs in NB1RGB cells. Cadmium pretreatment of cells, that had been assumed to protect cells from UV damage via MT induction, did not increase cell viability after exposure to UV at 280 nm. The present study unambiguously revealed the biological effects of monochromatic UV rays, also showing that the UV-irradiating apparatus can be a powerful tool for studying the health effects of UV.
Introduction
Ultraviolet (UV) radiation is a risk factor for human health in the general environment. It causes such disorders as cataract and skin cancer 1, 2) . Recently an increase in the level of surface UV and human exposure to it resulting from disruption of the ozone layer have become a social problem 3, 4) . Particularly the health effects of UVB, from 280 nm to 315 nm, attract a great deal of attention because of its increased level and penetration into human tissues. UV is also one of the hazardous factors in the working environment. Workers are exposed to UV in electric arc plasma welding, the drying and curing of inks, resins, plastics and paints, printing, graphic arts, copying, photography, photoetching, projector lamp operation, medicine, scientific laboratory work, tanning and salon work and work in television studios and theaters (exposure to photoflood) [4] [5] [6] . It is therefore necessary to know exactly the health effects of UV and to protect humans from damage caused by it. But the biological effects of UV are not yet fully understood even though it is well known that UV can cause DNA damage 4) , and information about its effects on proteins, for example differential effects on protein metabolism exerted by UV at different wavelengths, is still limited. It is also not certain how UV affects specific proteins, although the synthesis of some particular proteins, such as metallothioneins (MTs) that play a role in protecting against heavy metals 7) , has been reported to be modulated by UV exposure 8, 9) .
In the present study, we manufactured an apparatus that can irradiate cultured cells with monochromatic UV rays at a desired wavelength and intensity, in order to enable correct assessment of the biological effects of UV. With this apparatus we examined the effect of UV within the range of 260 to 320 nm on total as well as specific protein synthesis of human skin-derived cells.
Materials and Methods

Cell culture
NB1RGB cells (obtained from Rikien Cell Bank, Japan; RCB 222), which are human skin-derived fibroblasts, were cultured in minimum essential medium α (MEMα) supplemented with 10% fetal calf serum (growth medium) at 37°C under a 5% CO 2 -atmosphere. Viable cells were counted 5 min after the addition of one fourth volume of 0.4% trypan blue to a suspension of trypsinized cells.
UV irradiation of cells
Cells were inoculated at 1.8 × 10 5 cells per 35-mm Falcon plastic dish (2 ml growth medium), and were cultured for 3 days to semi-confluency unless otherwise stated. The medium was replaced with 1 ml of PBS(-) (Ca 2+ and Mg 2+ -free phosphate buffered saline), and the cells were irradiated with UV at a given wavelength with a UV-irradiation apparatus (see RESULTS). Intensity of the UV was monitored with an optometer, and the dose was controlled with a neutral density (ND) filter and the time of exposure.
Estimation of amino acid uptake and total protein synthesis
After irradiation, the cells were incubated in 0.5 ml of fresh growth medium with 740 KBq of 35 S-methionine (Amersham, 37 TBq/mmol) for 2 h. The cells were washed with PBS(-) twice, and scraped into 100 µl of a buffer containing 10 mM Tris-HCl, pH 7.5, 0.15 M NaCl and 3 mM MgCl 2 . The cell suspension was mixed with one third volume of the same buffer containing 2% Nonidet P-40, and allowed to stand on ice for 5 min. The resultant cell lysate was centrifuged at 4,000 × g max for 2 min. Radioactivity in the supernatant was counted with a Packard liquid scintillation spectrometer TRI-CARB 2000 CA, as an index of total amino acid uptake. Trichloroacetic acid (TCA)-insoluble counts were also measured as an index for protein synthesis. Protein content was determined by the method of Bradford 10) .
Detection of newly synthesized MTs
After UV irradiation, the cells were incubated for 18 h in 0.7 ml of fresh growth medium with a reduced concentration of cysteine (20% of the normal level) to which 259 KBq of 35 S-cysteine (Amersham, 37 TBq/mmol) was added. For heavy metal treatment, CdSO 4 was added to the medium at a concentration of 10 µM. Cell lysates were prepared as described above. The same protein amount of cell extracts was carboxymethylated, electrophoresed in Sodium dodecyl sulfate (SDS)-15% polyacrylamide gel and detected by fluorography as previously described 11) .
Results and Discussion
Apparatus for UV irradiation of cultured cells
For accurate and reproducible analysis of biological effects exerted by monochromatic UV rays, we designed and manufactured an apparatus that enables irradiation of cultured cells with a desired dose of UV at any given wavelengths ( Fig. 1) , with the aid of Optoresearch, Co. Ltd., Tokyo, Japan. UV is emitted from a Xenon Lamp light source and is divided into a couple of light paths. The two independent light paths make it possible to irradiate two 35-mm tissue culture dishes simultaneously, either under the exactly the same conditions or under different conditions. In each path, light at any desired wavelength (8.5-nm half-maximum width) within a range of 200 through 400 nm can be selected by a monochrometer. The dose of the monochromatic UV can be controlled with an ND filter and the time of exposure (for example, 1 to 25 min at 280 nm). A shutter equipped over the sample stage is useful in blocking off UV after a definite exposure time. The intensity of UV can be exactly determined by an optometer installed under the sample stage. Local deviation of energy within the beamed area (entire culture area of a 35-mm culture dish) was less than 16%.
Effect of UV on total protein synthesis
With the apparatus described above, we examined the effect of UV rays at 260, 280, 300 and 320 nm (indicated as UV 260 , UV 280 , etc. hereafter) on the total protein synthesis of NB1RGB cells, an established cell line derived from human skin fibroblasts. Immediately after irradiation with 50 or 200 J/m 2 of UV at each wavelength, the cells were incubated in the presence of 35 S-methionine for 2 h, and acid-insoluble radioactivity in the cell lysates was measured as an index of total protein synthesis. As shown in Fig. 2 , irradiation of UV 260 and UV 280 noticeably inhibited total protein synthesis in a dose-dependent manner. By contrast, UV 300 and UV 320 showed a less remarkable effect, although UV 300 showed weak inhibition at 200 J/m 2 . To further examine the mode of action of UV 280 that is located at the boundary of UVB and UVC and has a more prominent effect than longer wavelength UVB, amino acid uptake and total protein synthesis were measured after the exposure of NB1RGB cells to various doses of UV 280 . After irradiation, the cells were cultured for a further 2 h in the presence of 35 S-methionine, and total radioactivity and acidinsoluble radioactivity in the cell lysates were determined as indices of amino acid uptake and protein synthesis, respectively (Fig. 3) . A dose-dependent decrease in amino acid uptake and protein synthesis was observed, down to 49% and 7%, respectively, at 300 J/m 2 . The reduction in total protein synthesis appears to correlate with the reduction in total 35 S-methionine uptake, suggesting that the UVinduced decrease in amino acid uptake contributes, at least in part, to the inhibition of total protein synthesis.
Effect of UV 280 on metallothionein synthesis
It has been reported that UVC irradiation increases MTmRNA levels in certain cultured cell lines 8, 9) . We examined whether MTs are inducible by irradiation with monochromatic UV at several different wavelenghths in NB1RGB cells. First of all, we confirmed that MTs are inducible by known inducers such as cadmium, zinc and dexamethesone (a synthetic glucocorticoid) [12] [13] [14] in this cell line. The cells were exposed to various doses of CdSO 4 , ZnSO 4 , and dexamethasone for 18 h in the presence of 35 Scysteine, and cell lysates were analyzed for newly synthesized, radioactively labeled MTs by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) as described in Materials and Methods. When cells were exposed to 10 µM CdSO 4 , obvious induction of MTs was observed (Fig. 4, lanes 3 and 4; compare with the control in lanes 1 and 2). The induced level was raised with increasing concentrations of cadmium between 0.5 and 10 µM (data not shown). ZnSO 4 and dexamethasone could also successfully induce MTs (data not shown).
The cells were also exposed to UV and the cell lysates were analyzed for induced MTs as above. Figure 4 shows the result of UV 280 irradiation. Total protein synthesis was reduced with increasing doses of UV 280 (lanes 5 to 12; compare with control in lanes 1 and 2), consistent with the result shown in Fig. 3 . Within the range of the UV dose applied (50 to 700 J/m 2 ), no induced synthesis of MTs was observed (lanes 5 to 12; compare with control in lanes 1 and 2) , in contrast to the clear response to cadmium (lanes 3 and 4) . A similar analysis was also carried out for UV at 260 nm (20 to 200 J/m 2 ), 300 nm (50 to 300 J/m 2 ) and 320 nm (100 to 300 J/m 2 ), but no significant induction of MTs was observed. Together with a previous report that a certain cell line lacks the induction of an MT message after exposure to UVC 9) , MT induction may not be a ubiquitous response to UV. Alternatively, MT induction may require the combination of UV rays at different wavelengths, instead of a monochromatic UV.
It has been reported that UVB irradiation raises the intracellular level of MT proteins 15) . In the experiment described above, only induced MTs were estimated by labeling newly synthesized proteins after UV irradiation. It seemed possible that UV increases the entire intracellular MT level in a manner other than inducing nascent protein synthesis, for example, by increasing the stability of MT molecules already present. To examine this possibility, NB1RGB cells were cultured in the presence of both 10 µM CdSO 4 and 35 S-cysteine for 18 h to label MTs, then irradiated with UV 280 , and cultured for a further 6 h without cadmium or 35 S-Cysteine. Cell lysates were analyzed by SDS-PAGE to estimate labeled MT levels. In this experiment, the level of MTs already synthesized was not affected by irradiation of UV up to 700 J/m 2 (data not shown).
Induction of metallothioneins prior to UV 280 irradiation does not protect cells from UV damage
It has been reported that heavy metals can confer UVB resistance on cultured cells, probably through induction of MTs 15, 16) . We also examined if this is the case in the exposure of NB1RGB cells to UV 280 . Prior to UV irradiation, the ), the number of viable cells was counted. No significant difference was observed between the control and cadmiumtreated cells on t-test (Fig. 5) . Cadmium pretreatment had virtually no promoting effect on cell survival. With regard to the damage caused by UV 280 , cadmium is not likely to induce resistance.
The UV irradiation apparatus we developed was specially designed to be adapted for the study of UV effects on cultured cells. This device enabled us to analyze the biological effects of specific components of UV unambiguously, excluding contamination by other UV components close in wavelength, and to directly compare their biological properties. With this device, we could in fact obtain data characteristic of several monochormatic UVs, in the effects on viability, precursor uptake, total protein synthesis and specific protein synthesis of cultured human cells. This apparatus is expected to serve as a powerful tool also in the future studies on various biological effects of UV.
